tions of low water activity (aw), conidia lose a fraction of their cellular siderophores and thereby become siderophore dependent. Subsequent germination fails, or is greatly delayed, unless a suitable siderophore is supplied. This response is the basis for a sensitive bioassay procedure. The assay is species specific-i.e., it detects cellular and extracellular siderophores (and some of their structural analogs) produced by the assay organism, but not siderophores in general (2, 6) .
When Aspergillus nidulans and Penicillium chrysogenum were used to assay their own culture filtrates by this method, it was found that both species secrete a number of different siderophores during growth (2) . Of these, the most active by far were four unidentified substances-two in each species-that appear in filtrates of young cultures, reach their peak concentrations at 3 to 6 days of growth, and then disappear. They are replaced in older cultures by less active or inactive ligands (2) . The highly active siderophores from A. nidulans were designated A-a and A-1, respectively; those from P. chrysogenum were called P-a and P-1. We report here the identification of these substances.
MATERIALS AND METHODS
Organisms used were A. nidulans (Glasgow wild type no. 4, Fungal Genetics Stock Center, Arcata, Calif.), P. chrysogenum (ATCC 9480), and Fusarium roseum (ATCC 12822, supplied by Thomas Emery).
Media for culturing A. nidulans and P. chrysogenum and for assaying siderophores by use of these species have been described, together with details of the bioassay procedure (2). F. roseum was maintained on slants of Vogel medium N (3), with the addition of 0.5% yeast extract and 0.25% casein hydrolysate. For the production of extracellular siderophores, we used the Fe-deficient "Normalmedium" of Kappner et al.
(7).
Methods for siderophore isolation and for thin-layer chromatography, paper electrophoresis, amino acid determination, and "3C-nuclear magnetic resonance spectroscopy were as previously described (2, 6) . Mass spectrometry was performed with a VG 7070 F instrument operating in the chemical ionization mode and using ammonia.
Formol titrations were carried out as described by Bersin and Mayer (1) . Acetylation was done in acetic anhydride-methanol-pyridine at room temperature (5) .
For acetyl determinations, 5-mg samples in 0.1 ml of 1 N NaOH were heated ovemight at 1100C in sealed tubes and then dried in vacuo. After being cooled, the tubes were acidified with 0.1 ml of 1.2 N HCI, and 5-,Il samples were immediately injected into a HewlettPackard 5700A gas chromatograph (with integrator), equipped with a Poropak N column operating at 180°C.
Triacetylfusigen (2) was used as a control.
RESULTS
The previous findings suggested that the a's and ,B's are closely related compounds. All four were found to be cations, and they were alike in their high biological activity (2) . Subsequent tests showed that they are all ninhydrin positive and unstable compared with other siderophores we have worked with. On reductive hydrolysis with HI, ornithine was the only amino acid found. The compounds did not lose iron to EDTA, and no shift in their visible spectra occurred after acidification of an aqueous solution to pH 2; these findings are characteristic of ferric trihydroxamates (8) . Analysis showed no significant amounts of acetyl in A-a, P-a, or P-1 786 CHARLANG ET AL.
(A-P was not tested). The a's migrated faster than the P's in an electric field (Table 1) ; Formol titrations showed that whereas the P's contain one free carboxyl group, the a's contain none. No differences were found between the two a's or the two P's.
These findings suggested the possible identity of the unknowns with the cationic siderophores fusigen (fusarinine C) and fusigen B (fusarinine B), which are produced by Fusarium species. The structures and properties of these substances were elucidated by Diekmann and ZAhner (5) and by Sayer and Emery (11) . Both are trihydroxamates composed of three molecules of fusarinine, a derivative of ornithine: the latter are indistinguishable from fusigen B.
Further evidence for the structure of a was obtained as follows. (i) Acetylation yielded a derivative which was chromatographically the same as triacetylfusigen (Table 2 ) and the Fefree form of which gave a 13C nuclear magnetic resonance spectrum identical with that of triacetyldesferrifusigen (see reference 2 for the spectrum of this compound). (ii) P-a was heated to 60°C for 2 h in methanol or deuteromethanol (d4-methanol), and the trimer underwent methanolysis to the monomer fusarininemethyl ester (or d3-methyl ester). Fig. 1 . Despite some scatter attributable to slow growth at a,, 0.874 combined with instability of the compounds, the results show close similarity in biological activity among all of these siderophores. There is a suggestion that fusigen and the a's are slightly more active than fusigen B and the 1B's.
X3COOC-CH(NYCOCZ3)-(CH2)3-N(OCOCZ3)--C-CH=C(CH3)-(CH2)2-OCOCZ3
Electrophoretic and chromatographic comparisons are shown in Tables 1 and 2 . The a's and 1's are clearly different substances; the former are indistinguishable from fusigen, and * and unpublished data). They are secreted only during rapid mycelial growth and are replaced in older cultures by stable, but less active, structural relatives-triacetylfusigen in A. nidulans and coprogen in P. chrysogenum. (Coprogen is a rearrangement of the subunits of fusigen, with o cis-trans-isomerization of the anhydromevalonic acid component.) Instability is not a necessary condition for high activity, however. Neurospora crassa produces only one significant extracellular siderophore, coprogen, and two cellular siderophores which are cyclic peptides. These compounds are all stable in solution, yet they are also active at nanomolar concentrations (6) . role in young culttres. The instability of the fusarinines, however, led Moore and Emery (8) to question the biological role of these compounds. Our findings show that both fusigen and fusigen B are produced by A. nidulans and P. chrysogenum, and both are active biologically at nanomolar concentrations. In our view, there can be little doubt that these substances are functional siderophores in these species.
A point of special interest is that, despite their instability, the fusigens are more active in the low-aw test than any of the other siderophores produced by A. nidulans or P. chrysogenum (2 
